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Abstract

:

Photoresist is the key material in the fabrication of micropatterns or microstructures. Tuning the surface wettability of photoresist film is a critical consideration in its application of microfluidics. In this work, the surface wettability tuning of acrylic resin photoresist by oxygen plasma or ultra-violet/ozone, and its aging performance in different atmospheres, were systematically studied. The chemical and physical characterizations of the surfaces before and after modification show a dramatic decrease in the C–C group and increase in surface roughness for oxygen plasma treatment, while a decrease of the C–C group was found for the UV/ozone treatment. The above difference in the surface tuning mechanism may explain the stronger hydrophilic modification effect of oxygen plasma. In addition, we found an obvious fading of the wettability tuning effect with an environment-related aging speed, which can also be featured by the decrease of the C–C group. This study demonstrates the dominated chemical and physical changes during surface wettability tuning and its aging process, and provides basis for surface tuning and the applications in microfluidics.
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1. Introduction


There are special requirements for the wettability of solid surfaces in many fields, including biological process [1,2], membrane [3,4], wastewater treatment [5], metal corrosion resistance [6,7], separation [8], absorbance [9], cleanness [10], sensor [11], etc. For example, a super-hydrophobic film is needed as the barrier to prevent aluminium corrosion [6]; the thermoplastics of a microfluidic device should be hydrophilic enough to avoid the absorption of hydrophobic compounds during the cell-culture process [1]. The pixel wall surface of the electrowetting display needs to be sufficiently hydrophilic to pin the oil/water interface [12]. Many different methods (chemical, physical, and biological ones) are reported to achieve the hydrophilic or hydrophobic modification of solid surfaces [4,13], such as etherification, enzymatic treatment, graft copolymerization, [13] plasma, UV/ozone [13], and hydrophilic or hydrophobic material coating, or deposition [4,14].



Plasma treatment is a powerful way to achieve hydrophilic or hydrophobic properties for polymer surfaces. The plasma atmospheres [15] to achieve hydrophilic property include O2 [16,17,18], N2 [19], Cl2 [20], Ar [21,22], Ar/O2 [23], Ar/N2 [23], and O2/H2 [24], while the atmospheres for hydrophobic treatment include CF4 [25], SF6 [26], and Ar/SF6 [23]. Among these atmospheres, oxygen plasma is more frequently used to form hydrophilic polymer surfaces to achieve increased wettability [27] and enhanced adhesion [28] used in microfluidic devices [1,15], biological fields [29], and so on. In exception for traditional polymers [16,21,22,27,28,29], photoresist as a commonly used material in micro-fabrication, highly demands hydrophilic or hydrophobic modifications with a few reports [30,31,32].



Ultra-violet/ozone (UV/ozone) is another commonly used method to achieve hydrophilic activation on polymer surfaces or inorganic material surfaces [33,34], because of the high oxidizing property of UV energy and the ozone [35]. With more UV/ozone exposure time, the surface of many polymers becomes increasingly hydrophilic [36,37]. As plasma and UV/ozone are the two frequently used treatments to achieve superficial hydrophilic property, researchers even pay attention to the comparison between them. In Sham’s review, the UV/ozone treatment was found to be milder than the oxygen plasma, because of the high kinetic energy of oxygen plasma [38]. However, the comparison needs more systemic studies to guide the wettability tuning choices.



When used in microfluidics or other fields, the stability of the hydrophilic polymer surfaces obtained by plasma or UV/ozone treatments should be paid attention to, because of the hydrophobic recovery with time [39,40,41]. As reported, low storage temperature and low humidity is beneficial for the hydrophilic stability [19]. Humidity can affect the aging speed because of the enhanced diffusion of the macromolecules, including the attached oxidized groups, while in dry air, it appears that only functional group reorientation occurs in a layer of the order of a few nanometers [42,43]. Likewise, temperature plays an important role in the aging process because of the faster molecular diffusion at higher temperature [19,44]. Meanwhile, the level of treatments affects the aging process. For example, polymer surface with short UV/ozone exposure time obtains an almost complete hydrophobic recovery, while slow and incomplete recovery for long exposure time samples has been observed [41,45]. During the mechanism studies of the aging process, the migration or the reorientation mechanism is agreed upon by some researchers [46,47,48], which includes the reorientation of superficial hydrophilic groups, away from the surface or the migration of treated polymer chains from the surface to the bulk, and the migration of untreated polymer chains from the bulk to the surface.



Photoresist is an important kind of material to fabricate micropatterns or microstructures [1], which have special wettability requirements in applications. Oxygen plasma was reported to successfully hydrophilically modify the epoxy photoresist SU-8 [30,31,49]. However, oxygen plasma is a strong modification method with an etching effect [49], and may affect the mechanical or other properties of photoresist microstructures. Hence, in this paper, oxygen plasma and UV/ozone treatments were applied on an acrylic resin photoresist surface, to provide the wettability tuning opportunities for different applications. Except for the hydrophilic modification performance, the wettability stability during aging of the acrylic photoresist surface is also compared between oxygen plasma and UV/ozone treatments, while the storing atmosphere includes air and water, which plays an important role in the lifetime of applications. Hence, air/water contact angles were used to characterize the hydrophilic property variation with treatment time and the wettability stability level with storing time. To explore the mechanism of the modification and recovery processes, the chemical and physical changes during the treatments were characterized by X-ray photoelectron spectroscopy (XPS) and atomic force microscope (AFM), respectively.




2. Experimental Section


2.1. Chemicals and Materials


Indium tin oxide (ITO, 25 nm) coated glass with 0.7 mm thickness and 100 Ω/sq resistance was purchased from Guangdong Jimmy Glass Technology, Ltd. (Foshan, China) and used as the substrate. The acrylic resin photoresist (HN resist) was purchased from Suntific Materials Ltd. (Weifang, China). UP water (18.2 MΩ.cm) was used as the water droplet without further purification, prepared by a Laboratory Water Purification System (Ultrapure UV, Hitech Instruments Co., Ltd., Shanghai, China).




2.2. Photoresist Surface Preparation and Modification


The wet photoresist film was coated by a spin coater (SC100, Best Tools, LLC., St. Louis, MI, USA), followed by a pre-baking process on a hot plate (EH20B, LabTech, Beijing, China) with 110 °C and 2.5 min. Exposure process was conducted by using an aligner instrument (URE-2000/35, Institute of Optics and Electronics, Chinese Academy of Sciences, Chengdu, China). After a post-exposure-baking process with 110 °C and 2.5 min on a hot plate, and then hard baking with 150 °C and 30 min in an oven (SFG-01B, Huang Shi Hengfeng Medical Instrument Co. Ltd., Huangshi, China), the preparation of the photoresist film was completed.



Hydrophilic treatment on photoresist surface was carried out by using a reactive ion etching (RIE) machine (ME-6A, Institute of Microelectronics, Chinese Academy of Sciences, Beijing, China) with oxygen plasma (intensity of 100 W) or an ultra-violet/ozone cleaning system (UV/ozone, T10X10/OES/E, UVOCS INC., Lansdale, PA, USA) with the UV light of 254 and 185 nm.



Then, the photoresist surfaces were immersed in air or in water atmosphere to observe the superficial hydrophobic recovery with time. The storing temperature was 22.8 °C ± 0.6 °C with a humidity of 52% ± 3%.




2.3. Contact Angle Measurement


A contact angle measurement system (Powereach, Shanghai Zhongchen Digital Technology Apparatus Co., Ltd., Shanghai, China) was used to measure the air/water contact angle. Here, air was chosen as the atmosphere phase, while water was the inner droplet during the measurement. Moreover, the volume of the water droplet for each measurement was 5 μL.




2.4. Physical Roughness and Chemical Characterizations


Atomic force microscope (AFM, Cypher, Asylum Research, Santa Barbara, CA, USA) was used to measure the roughness of photoresist surfaces after oxygen plasma or UV/ozone treatment and the roughness after hydrophobic recovery in air (or in water) with time.



X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, Waltham, MA, USA) was used to analyze the chemical contents of photoresist surfaces after oxygen plasma or UV/ozone treatment and after hydrophobic recovery in air (or in water) with time. The detection depth was around several nanometers.





3. Results and Discussions


3.1. Hydrophilic Treatment by Oxygen Plasma or UV/Ozone to Photoresist Surface


The main component of the HN photoresist is acrylic resin with phenol aldehyde modified, so the chemical groups on the surface include –CH2–CH2– and –COO–, as shown in Figure S1. The –COO– group contributes to its hydrophilic property, which is important for the application in microfluidics. Here, the HN photoresist surface was further hydrophilically treated by oxygen plasma and UV/ozone as below.



3.1.1. Wettability Tuning


As shown in Figure 1, after the oxygen plasma treatments with the power of 100 W on the HN photoresist surface, the water contact angle had a big decrease at the initial 10 s, and then kept stable. This indicates enhancement to the hydrophilic property of the surface. On the other hand, UV/ozone treatments with different exposure times also led to a decrease of the water contact angle, which was a continuous decrease with the UV/ozone time, different from the fast decreasing and constant contact angles with oxygen plasma treatments. Moreover, the contact angles, even with 600 s UV/ozone exposing (29°), were still larger than that with 100 s oxygen plasma treatment (7°). These contact angles suggest that the oxygen plasma (100 W) is more powerful than UV/ozone (600 s) for hydrophilic treatments.




3.1.2. Chemical and Physical Characterizations


To explore the cause of the hydrophilic enhancement with oxygen plasma or the UV/ozone, the chemical group ratio of carbon spectra and the superficial physical roughness variations were characterized by XPS and AFM, respectively.



The main elements observed in the XPS spectrum of HN photoresist surface (Figure S2) were carbon (C) and oxygen (O). Normally, the chemical groups with oxygen (–C=O, –C–O–, –OH) are more hydrophilic than groups with carbon (–C–C–, –C–H). Hence, the decrease of the C–C group percentage and increase of C–O and C=O groups in carbon spectrum (Figure 2) leads to the improvement of surficial hydrophilic property. During this treatment process, oxygen plasma provided the photoresist surface-active oxygen, which reacted with the HN photoresist surface, resulting in the ratio raise of hydrophilic bonds (C–O (–C–O–C) and C=O (–O–C=O)) (Figure 2b,c). Consequently, the hydrophilic property of HN photoresist surface increased with oxygen plasma treatment, which is consistent with the contact angle variation in Figure 1. After UV/ozone treatments, the percentage of C–C bond (–C–C–) from the carbon spectrum also decreased with UV/ozone time, along with the growth of the percentage of C–O and C=O bonds (Figure 2d,e). The chemical changes above are the important reasons of the contact angle, decreasing with the UV/ozone exposing, i.e., the hydrophilic property enhancement. During the UV/ozone treatment, the ozone atmosphere provided the active oxygen while the UV light (hn) provided the initiation energy [50]. This reaction process led to the increase of the superficial oxygen content, i.e., the increased percentage of C-O and C=O bonds.



The surface roughness of photoresist greatly increased with the oxygen plasma time observed by AFM (Figure 3). The HN photoresist surface without any treatment had a small roughness of 0.35 nm (Figure 3a). Meanwhile, with short oxygen plasma exposure (5 s), the surface roughness increased to 0.83 nm with several peaks (Figure 3b). Increasing the plasma exposure time further to 100 s, the surface roughness increased greatly to 6.65 nm with a large number of peaks (Figure 3c), which is much higher than the peaks in Figure 3b. The surface roughness increase with plasma time was the other factor affecting the superficial hydrophilic property. Meanwhile, there was no big change of the superficial physical roughness for different UV/ozone time (Figure 3). Some inhomogeneous peaks are observed in the 3D graphs (Figure 3d,e), affecting the roughness, for a few, because of their small quantities.



Overall, the water contact angle of the HN photoresist surface reduced and then kept constant with oxygen plasma exposing time (Figure 1), due to the combined influence of the chemical content changing, due to the reaction between active oxygen and photoresist polymer and the physical roughness variations, due to the physical etching by plasma. Meanwhile, with the UV/ozone treatment, the hydrophilic property of HN photoresist surface also enhanced with treatment time (Figure 1), although weaker than oxygen plasma. The main cause of the hydrophilic modification of the UV/ozone was due to the superficial chemical group changes, other than the superficial physical roughness changes. In summary, oxygen plasma and UV/ozone is useful for the hydrophilic modification of the acrylic HN photoresist surface. Meanwhile, be careful of the transmittance decrease (Figure S3) due to strong UV/ozone treatment, which affects the film optical performance.





3.2. Wettability Aging with Time in Air or in Water Atmosphere


3.2.1. Contact Angle Variation during Aging


A contact angle increase of the HN photoresist surface was observed after the oxygen plasma hydrophilic treatment storing in air or in water, as shown in Figure 4a,b. When the storing atmosphere was air, the contact angle kept increasing in the experimental time (15 days), while the contact angle only had an obvious increase at the beginning and then almost remained constant in water. Moreover, the final contact angles, at the 15th day for samples in water, were much lower than those stored in air for different extents of oxygen plasma treatments. This indicates that water is beneficial for long-term wettability stability of HN photoresist surface. In water atmosphere storing, the formation of hydrogen-bonds (–O---H–OH, or –O---H–O–H---O–) [51,52] between the –COO– groups and water blocked the HN photoresist polymer chains for the further migration or reorientation [53] between the surface and the bulk, as illustrated in Figure 5.



The wettability of photoresist surfaces after UV/ozone treatments performed differently from the oxygen plasma one. As shown in Figure 4a,b, the contact angles increased during aging for the HN photoresist surfaces with strong (600 s) UV/ozone treatment, and decreased for samples with weak (30 s) treatments. The energy of UV light activated the ozone molecules to activated oxygen, and then the reaction between active oxygen and HN photoresist surface occurred. Generally, during the aging process, the hydrophilic chemical groups migrate or reorient from the surface to the bulk, leading to the contact angle increasing. The explanation of the contact angle decreasing with weak UV/ozone treatment will be discussed in the next section.




3.2.2. Chemical and Physical Analysis


Plasma treatment samples and a strong UV/ozone treatment sample has the contact angle increase, while the contact angle of the weak UV/ozone sample decreases during aging (Figure 4), especially in 2 days. To explore this aging mechanism, chemical group ratio changes and physical roughness changes are analyzed in this section.



The C–C group percentage increased for the plasma 100 s sample and the UV/ozone 600 s sample, and decreased for the UV/ozone 30 s sample (Figure 6), which was the reason for the irregularly contact angle decreasing of the UV/ozone 30 s sample. With the decrease of the C–C group percentage, the C–O group percentage increases, which may be due to some unfinished reaction between the photoresist polymer and activated oxygen by the UV light in a short 30 s treatment time. Meanwhile, the C–C group percentage increase with the C–O group percentage decrease for the plasma 100 s and UV/ozone 600 s samples, as desired, was due to the normal migration or reorientation mechanism during aging. This indicates that more hydrophobic groups (C–C) migrate or reorientate to the surface and more hydrophilic groups (C–O) migrate or reorientate to the bulk.



The migration or reorientation process during the 2-day aging led to the decrease of roughness for the plasma 100 s sample, with no big influence on UV/ozone samples (Figure 7). Because of the nanostructures’ formation on the surface of the plasma 100 s sample (Figure 3c), the roughness influence on the water contact angle was complex. However, the final result was that the water contact angle increased after 2 days of aging, so we believe that the combination of chemical content and physical roughness on the surface of the plasma 100 s sample leads to the water contact angle increase—the hydrophilic instability. Meanwhile, only the chemical content change results in water contact angle variations for the UV/ozone samples.






4. Conclusions


The acrylic photoresist surface has hydrophilic enhancement after the wettability modification by oxygen plasma or the UV/ozone, showing a decrease of the air/water contact angle. The C–C percentage in the carbon spectrum of XPS observations decreases after oxygen plasma or UV/ozone treatment, indicating the chemical content variation, which is the chemical cause of superficial hydrophilic enhancement. Surface roughness increases after oxygen plasma treatment and there is no big change after the UV/ozone treatment, which is beneficial for the hydrophilic enhancement of surfaces after plasma treatments. Water contact angles increase during aging except for the short UV/ozone exposure (30 s), indicating the bad wettability stability after oxygen plasma or UV/ozone treatments. Surfaces stored in the air atmosphere have a contact angle increase during aging, while contact angle increase stops on the 2nd day for surfaces stored in water, due to the hydrogen bond forming with water molecules, which has more energy and is difficult to break for migration. This indicates water is better for wettability stability of the acrylic photoresist surface after plasma or UV/ozone modifications. The C–C group percentage in the carbon spectrum variation after 2 days is the main reason for the above contact angle variations, such as the water contact angle increase for the UV/ozone 30 s sample. Meanwhile, roughness has no change for samples with UV/ozone treatments, and shows (nearly) no influence on the contact angle recovery.
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Figure 1. The enhancement of hydrophilic property with increasing oxygen plasma or UV/ozone treatment time on HN photoresist surface. The inserted graphs showing the contact angle of some treatment time. 
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Figure 2. Carbon spectrum from XPS with different plasma or UV/ozone treatment time: (a) 0 s, (b) plasma 5 s, (c) plasma 100 s, (d) UV/ozone 30 s, and (e) UV/ozone 600 s. There are three peaks: C–C, C–O, and C=O. 
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Figure 3. Three-dimensional (3D) AFM observations of the photoresist surfaces with different plasma or UV/ozone treatment time: (a) 0 s, (b) plasma 5 s, (c) plasma 100 s, (d) UV/ozone 30 s, and (e) UV/ozone 600 s. 
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Figure 4. The water contact angle variations of HN photoresist surface after oxygen plasma treatments or UV/ozone (UV/O3) treatments with aging. The storing atmosphere is air (a) or water (b). 
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Figure 5. Scheme of the migration or reorientation process between surface and bulk, easy in air and difficult in water because of the hydrogen bond formation. The hydrogen bonds include those in one photoresist polymer chain and between two polymer chains. 
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Figure 6. The chemical group percentage changes from carbon spectrum before aging (a–c) and after 2 days aging in air (d–f) or in water (g–i). The chemical groups include C–C, C–O, and C=O. The treatments include plasma 100 s, UV/O3 30 s, and UV/O3 600 s. 
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Figure 7. Roughness changes before aging (a–c) and after 2 days aging in air (d–f) or in water (g–i). The treatments include plasma 100 s, UV/O3 30 s, and UV/O3 600 s. 
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